It is expected, and regionally observed, that energy demand will soon be covered by a widespread deployment of renewable energy sources. However, the weather and climate driven energy sources are characterized by a significant spatial and temporal variability. One of the commonly mentioned solutions to overcome the mismatch between demand and supply provided by renewable generation is a hybridization of two or more energy sources in a single power station (like wind-solar, solar-hydro or solar-wind-hydro). The operation of hybrid energy sources is based on the complementary nature of renewable sources. Considering the growing importance of such systems and increasing number of research activities in this area this paper presents a comprehensive review of studies which investigated, analyzed, quantified and utilized the effect of temporal, spatial and spatiotemporal complementarity between renewable energy sources. The review starts with a brief overview of available research papers, formulates detailed definition of major concepts, summarizes current research directions and ends with prospective future research activities. The review provides a chronological and spatial information with regard to the studies on the complementarity concept.
Introduction and motivation
Over the last years, variable renewable energy sources (VRES) have become a cost competitive and environment-friendly alternative to supply power to isolated and large-scale power grids around the globe. Nevertheless, because of their intermittent/variable/stochastic/non-dispatchable characteristic, they cannot provide the grid with various additional and mandatory services other that delivering a certain volume of energy (however, it is worth mentioning that besides active power, inverters of renewable power generators can also provide reactive power for voltage control and could be programmed to provide inertia [1] ). In order to explore how to effectively improve VRES integration into the power systems, more needs to be known about the underlying behavior patterns and dynamics of their power generation. Over the recent years many investigations have been focus on this VRES grid integration [2] , [3] , [4] , [5] , [6] , [7] .
Several solutions worth mentioning were presented by Jacobson and Delucchi (2011) [8] who suggested to apply them in order to facilitate the process of VRES integration:
 interconnecting spatially distributed generators;  using complementary or/and dispatchable generators in hybrid configurations;  application of demand-response and flexible loads;  deploying energy storage;  oversizing and power to hydrogen;  using the concept of vehicle to grid -use of electric vehicles as storage;  forecasting of VRES generation.
Notably, two of the referenced concepts mention the use of a combination of VRES sources, which exhibit a complementary nature of their operation. First is the hybridization of energy sources (like solarwind, wind-hydro etc.) and the second is the use of spatial distribution of generators to smooth the power output of given VRES. Both concepts are based on the complementary (to various extent) nature of renewable energy sources.
From the literature point of view, we would like to draw attention to works by Hart et al., (2012) [9] and Engeland et al., (2017) [10] . Although not explicitly, both considered the concept of VRES complementarity in their analysis. The first paper provided an in-depth analysis from the power system operation perspective, whereas the second looked at it more from a climate/meteorological perspective.
The objective of this review paper is to: provide a thorough overview on the past research activities concerning the concept of energetic resources complementarity; analyze and assess the existing state of knowledge; provide guidelines for potential future research directions. More specifically, we aim at answering the following research questions:
 What is and how is the concept of energetic complementarity defined?  Which are the types of energetic complementarity?  How did the studies on complementarity evolve and what are major, still unresolved shortcomings?  Which metrics/indices are used to evaluate complementarity?  What are potential applications of complementarity metrics?
In our research, we have applied a narrative approach of writing a review paper. Consequently, we have focused on comparing, and summarizing the existing theory/models and formulating conclusions on qualitative level. The investigated topic has been structured based on methodological approaches (indices and methods for complementarity assessment), chronological order and geographical location. To ensure a wide coverage of studies investigating complementarity concept we have used the following search engines: Science Direct, Scopus and Google Scholar. After the initial screening of papers containing the keyword "complementarity", we have performed an additional search based on the references present in those papers and included those relevant to the subject.
According to the Cooper's taxonomy [11] this review can be described as summarized in Table 1 . The reminder of this paper is structured as follows: in Section 2 we start with a clear and updated definition of the "complementarity" concept. In Section 3 we present the historical and geographical overview of the research on the complementarity -simply statistics on complementarity research. In Section 4 we analyze and describe the various metrics used to assess the complementarity. In Section 5 we discuss the data source used by the authors and current state of the research. In Section 6, we discuss current possibilities of applying the concept of complementary and we formulate further potential applications. The paper ends with Section 7, which summarizes the review and presents potential future research directions.
Definition of the complementarity concept
Based on the literature review, the following definition can be built up around the term complementarity. According to the Oxford dictionary, the term complementarity is: "a relationship or situation in which two or more different things improve or emphasize each other's qualities". Considering the context of energy sources, the complementarity should then be understood as the capability of working in a complementary way. Complementarity can be observed in time, space and jointly in both domains. Besides the graphical explanations in Figure 1 and Figure 2 , the following paragraphs provide their brief definition:
Spatial complementarity -can be observed between one or more types of energy sources. It is a situation when energy resources complement each other over certain region. Scarcity of one VRES in region x is complemented by its availability in region y. An example of space complementarity can be the smoothing effect of spatially distributed wind generators whose energy production trends exhibit decreasing coefficient of correlation with an increasing distance between sites.
Temporal complementarity -can be observed between two or more energy sources in the same region.
It is understood as a phenomenon when VRES exhibit periods of availability which are complementary in the time domain. As an example, it is possible to mention the annual patterns of wind and solar energy availability over Europe, where the former is abundant in Autumn -Winter whereas the latteris abundant in the Spring-Summer period. An example of temporal complementarity for a single source is provided in the note below Table 2 . This table presents the characteristics of the different types of complementarity.
Spatio-temporal complementarity -(complementarity in time and space) is considered for a single or multiple energy sources whose complementary nature is investigated simultaneously in time and space domains. A good example is the Brazilian power system and its hydropower resources, which lead to an interconnection of the south-southeastern and north-northeastern subsystems.
The energetic complementarity can be assessed based on various indices and metrics, with the most relevant being described in section 5. Load not covered Load In case of temporal complementarity, a single energy source can be also considered by using the "flexibility" offered by technology. For example, the complementarity (smoother power output over the day/year) of single PV system can be increased by mounting PV arrays at different azimuths and inclination angles. The same applies to the wind farm where different wind turbines can be used with various hub heights or power curves.
Chart
1_A 2_A 1_B 2_B Legend reads: "1_A" energy source "1" in location "A". Left chart a perfect complementarity between energy sources. Right chart a perfect complementarity between the same source located in two different sites "A" and "B", good complementarity between sources "1" and "2" in location "B" lack of complementarity between sources "1" and "2" in location "A" as well as between "1" and "2" in locations "A" and "B". 
Historical and research spatial distribution overview
We have performed an in-depth analysis of available literature on the complementarity concept and found that the first papers dedicated to this topic were published in the late-seventies. Two papers by Kahn [12] , [13] and a paper by Takle and Shaw [14] investigated complementarity, mostly focusing on reliability of spatially distributed wind generators. The aim of their works was to answer the question whether spatial dispersed wind parks can provide firm power to the system, thus allowing replacing conventional fuel generation. Kahn stated that the study of energetic complementarity is a very promising area of research, and its assessment should be considered when pondering VRES integration to power systems. On the other hand, the paper by Takle and Shaw investigated the temporal complementarity between solar and wind resources in Iowa. Their findings show strong complementary on an annual basis but only slight one a daily scale. Along with the series of studies summarized by Justus and Mikhail (1979) [15] , the aforementioned works can be considered as the initial research contributions in the area of the complementarity between renewable sources. Over the recent years the number of papers dealing with the complementarity concept widely varied, however, the period from 2016 to 2018 has been the most productive, as seen in Figure 3 . This might be associated with the growing importance of renewable sources and their integration in the power systems.
Figure 3. Number of papers per year in area of renewable energy sources complementarity considered in this review
Research case studies on the complementarity concept have not been spatially uniformly distributed across the world. According to the conducted literature review, the majority of research papers concentrates on Brazil, China, USA and Europe. Such concentration of research is not a surprise considering the fact that the mentioned regions either historically had a large share of renewable generation (e.g.: Brazil with hydropower) or are currently putting a lot of effort into increasing the share of renewable resources in their power systems ( Figure 4 and Figure 5 ). The spatial coverage and statistics presented in this review are the ones found within the search algorithm described in the introduction section, however, it is probable that further works might be available as theses, reports, etc., written in languages different from English. 
Structure of research on complementarity
In this section, we briefly present the reader with the overall statistics regarding the documental database created for this review on renewables complementarity. Overall, the research is dominated by analyses focusing on complementarity between two selected renewable energy sources (over 60% of papers), as seen in Figure 6 . Out of these, 34 papers focused on solar-wind complementarity, whereas the remaining works evaluated complementarity between solar-hydro and wind-hydro resources. Research on complementarity between more than two renewable sources is gaining popularity in recent years, however, most of these studies focus on complementarity in terms of optimal sizing and/or operation of solar-wind-hydro systems. One crucial component of any energy system analysis is the temporal resolution to analyze the balance between power supply and demand. Most models for power system operation analysis are based on time series with hourly or sub hourly (15 minutes) time steps. From the documents analyzed in this paper, it is possible to observe that the majority of those works made their analysis based on time series divided in hourly time steps (See Figure 7) . It is important to mention that a significant part of the papers included in this review on complementarity investigated this concept for multiple time scales. Time series for assessing availability and variability of VRES can be obtained from various sources. The most commonly used are ground measurements, satellite measurements and numerical models/reanalysis.
From the consulted references it was found that more than half of the considered studies were based on time series created from ground measurements, whereas the remaining papers relied on mixed data sources or single satellite or reanalysis data sources. A reanalysis is a data assimilation project that 
Quantifying energetic complementarity: indices, metrics and other approaches
Since the early works about energetic complementarity between VRES, authors have been trying to assess this complementarity by means of statistical metrics and other indices. This assessment has become more relevant with the current trend of increasing renewables penetration in national power grids, without affecting reliability and optimizing the financial resources available.
One of the first examples of using metrics for evaluating energetic complementarity can be found in the paper by Takle & Shaw (1979) [14] . Besides using superposition to analyze combined solar and wind energy per unit area, these authors evaluated the product of deviations of the daily total from the expected amount for solar and wind resources, using the monthly and annual averages of these results for drawing their conclusions and suggesting some applications and considerations based on complementarity between the two energy sources.
Since then, several works have been conducted on metrics and indices to evaluate complementarity, as evidenced on Table 3 . In this section, we will present the most common and relevant metrics, indices and approaches that have been applied in assessing complementarity between renewable energy sources.
Correlation
Correlation is the most widely-used measure of dependence between two randomly distributed variables, and in a broad sense, it can be defined as a metric that directly quantifies how these variables are linearly related [16] . Correlation has been the metric most commonly used in papers dealing with complementarity measurements, and five types stand out: Pearson correlation coefficient, Kendall correlation coefficient, Spearman's Rank Correlation Coefficient, Canonical Correlation Analysis and Cross-correlation.
Pearson correlation coefficient (simple correlation -rxy)
Also called the simple correlation coefficient, this coefficient measures the association strength between two variables, with values ranging from -1 to +1. A value of 0 implies that no association exists between the two variables; a positive value indicates that as the value of one of the variable increases or decreases, the value of the other variable has a similar behavior; on the other hand, a negative value signifies that as the value of one variable increases, the value of the other variable decreases, and vice versa [17] . Another definition of the Pearson correlation coefficient is the covariance of the two variables divided by the product of their standard deviations.
When applied to samples, the Pearson correlation coefficient is usually represented as rxy. Given a sample of paired data {(x1,y1),…,(xn,yn)}, rxy can be calculated as:
where n is the size of the sample, xi and yi are the individual sample points of each variable, ̅ and ̅ are the sample means for each variable.
For energetic complementarity, the best possible value of rxy = -1, that would suggest full complementarity between sources or regions, as it can be easily observed from the lower left chart in Figure 1 and the information in Figure 2 . Similarly, the worst possible value in terms of energetic complementarity would be rxy = +1, meaning that the sources or regions present the same pattern, or are concurrent, in terms of maximum and minimum values (see upper left chart in Figure 1 ).
The most common purposes for calculating the Pearson correlation coefficient regarding energetic complementarity has been: 1) conducting an statistical analysis for evaluating if the renewable energies available in one region could allow the configuration of efficient power systems based on renewables ( [15] , [17] , [18] , [19] , [20] , [21] , [22] , [23] , [24] , [25] , [26] , [27] , [28] , [29] , [30] , [31] , [32] , [33] , [34] ); 2) as a tool for improving the operation or planning of existing power plants or systems ( [12] , [13] , [35] , [36] , [37] , [38] ); 3) as part of the set of equations, parameters and inequalities in an optimization model ( [39] , [40] , [41] , [42] , [43] , [44] , [45] , [46] ).
Kendall correlation coefficient (Kendall's Tau -τ (x, y))
Another type of correlation coefficient, the Kendall correlation coefficient, usually called Kendall's Tau, with notation τ (x, y), is a non-parametric measure of the rank dependence between two sets of random variables [16] . The Kendall correlation coefficient can be estimated by:
In equation (2), each sample size is n, and C is the total number of concordant pairs (ranked vs. real) for both sets of data, and D is the number of discordant pairs. The denominator is the total possible number of paired combinations, so the coefficient must be in the range −1 ≤ τ (x, y) ≤ 1. Therefore, in terms of energetic complementarity, a perfect agreement between two rankings would yield a τ (x, y) = 1, meaning a concurrent behavior between resources. Consequently, if one ranking is the reverse of the other, then τ (x, y) = -1, indicating the best possible complementarity between the sources.
There are some authors that have applied the Kendall correlation coefficient for energetic complementarity assessments. Denault et al. (2009) [38] used it as one of the copulas for modeling the dependence between wind and hydropower resources in the province of Quebec, for evaluating the possible effect of wind power in reducing the risk of water inflow shortages. Xu et al. [47] , in their paper assessing the spatial and temporal characteristics of wind and solar complementarity in China, employed the Kendall rank correlation coefficient as the dependence measure and regionalization index. A recent paper by Han et al. [48] compared the results obtained by the method proposed by them with Kendall's tau, for describing the complementarity between three renewable sources, including fluctuation and ramp effects in their calculations.
Spearman's rank correlation coefficient (Spearman's rho -ρS (x, y))
This correlation coefficient is another measure of rank dependence. For a sample, the Spearman's correlation coefficient can be described as simply the Pearson correlation applied to ranks [49] . For a distribution or an infinite population, it is required to transform both variables by their univariate marginal cumulative distribution functions (CDF), allowing to compute rxy for the transformed variables [50] . This transformation of a random variable by its CDF is similar to computing the ranks of a variable in a finite sample. In other words, Spearman's coefficient removes the relative size of the two variables, and the dependence is measured between the transformed variables [16] . As with the other types of correlation, ρS (x, y) values will always be within the interval −1 ≤ ρS (x, y) ≤ 1.
For a sample of size n, the calculation of ρS (x, y) requires that each xi and yi value have to be converted to ranks rank xi, and rank yi:
where σrank x and σrank y are the standard deviations of the corresponding ranks.
For studies related to energetic complementarity, the Spearman's Rank Correlation Coefficient has been used by Denault et al. (2009) [38] along with rxy and τ (x, y) as the copulas for assessing dependence between wind and hydropower resources in Quebec. Using Pearson's and Spearman's correlation coefficients, Cantão et al. (2017) [36] produced wind and hydropower complementarity maps for the entire Brazilian territory based on the weather stations used to create Voronoi cells (or Thiessen polygons).
Canonical correlation analysis (CCA)
A technique developed in the 1930's, the canonical correlation analysis (CCA) can be described as a multivariate statistical technique used for identifying possible links between sets of multiple dependent variables and multiple independent variables [51] . Some examples are the relation between governmental policies and economic growth indicators, relation of price variables (initial price, salvage value) of a car and its features, relation between job performance and company characteristics. The CCA method is fully described in [52] .
With the southern half of the Iberian Peninsula as case study, Santos-Alamillos et al. (2012) [53] used CCA with the aim of finding the optimal distribution of wind and solar farms over the region, while keeping a regular energy input into the power system, using coupled spatiotemporal canonical patterns for their analysis. In a follow-up paper, Santos-Alamillos et al. (2015) [51] , this time using the region of Andalucia as a case study, used Principal Component Analysis (PCA) coupled with CCA to evaluate if a combination of wind power and concentrating solar power (CSP) could provide an adequate baseload power to the region.
Cross-correlation
The cross-correlation function is a measure of similarity that compares two component series of a stationary multivariate time series, where a delayed similarity exists [50] [20] . For two real valued sequences x and y of the same time series and delayed by h time units, cross-correlation values range from -1 to 1 and can be found by means of the expression:
Cross-correlations can help understanding the relation between the component series or how they are influenced by a common factor. However, like all correlations, they are only a statistical measure of association, not causation, therefore, determining causal relationships require further knowledge and analysis [50] .
The report by Justus (1979) [15] summarized the results from a series of studies made in 1970's of wind and power distributions for large arrays of wind turbines in United States. In those works, crosscorrelation was the main metric employed for assessing spatial complementarity between pair of sites.
In studies related to assessing energetic complementarity, cross correlation has been used in studies for evaluating the possible benefits of distributed wind power generation in Europe [5] , measuring the complementarity between load demands and wind and solar resources in Australia [30] , PV power fluctuations in the Iberian peninsula [54] , and calculating complementarity between renewable energy resources in Brazil [55] , [56] .
Indices
An index is a metric used to summarize a set of features in a single value. One index conceived specifically to assess energetic complementarity was proposed by Beluco et al. (2008) and it was tested for analyzing energetic complementarity between solar and hydropower resources in the state of Rio Grande do Sul, Brazil [57] . The time-complementarity index created by the aforementioned authors could be calculated as the product of three partial indices: 1) Partial time-complementarity index (which evaluates the time interval between the minimum values of two sources); 2) Partial energycomplementarity index (which evaluates the relation between the average values of two sources); 3) Partial amplitude-complementarity index (which assesses the differences between maximum and minimum values of the two energy sources). Each one of the partial indices ranges between 0 and 1, therefore, a value of 0 for the time complementarity index indicates that both resources are concurrent, and a value of 1 suggests full complementarity. This index was used in other papers as the energetic complementarity metric, mainly for assessing or reducing energy storage requirements, for the spatial representation of complementarity or for evaluating complementarity in other regions [58] , [59] , [60] , [61] , [62] , [63] , [64] , [65] , [66] .
Li et al. (2011) [67] using the state of Oklahoma as case study, proposed the Complementarity Index of Wind and Solar Radiation (CIWS), an index that incorporates geographic regression modeling and principal component analysis (PCA) for investigating the impacts of diverse geographic factors on complementarity.
In their scheduling optimization model, [68] combined wind, solar and hydro power output, and defined this ensemble as a virtual power (VP), according to their complementary features. Then, the capacity of the VP output to follow the load is measured by the load tracking index. Lower values of this index indicate a better performance by the VP, thus, the minimization of the load tracking index is the objective function of this model for assessing energetic complementarity in multiple timescales.
Metrics related to failures and reliability
In terms of power supply, a failure can be defined as any situation where the total power supplied by the system composed by the generating units and energy storage devices is less than the load demand. Some authors have assessed energetic complementarity from that perspective. Stoyanov et al. (2010) [69] quantified the number of times and total hours of load faults for a case study in Bulgaria assessing if complementarity between solar and wind resources followed the electrical consumption demands.
Beluco et al. (2012) [58] used a failure index to evaluate the performance of a PV-hydro hybrid system, and from their results they concluded that a smaller failure index is associated to a higher temporal complementarity between the resources.
Assessing the potential of energetic complementarity for increasing system's reliability was one of the first research interests on this subject [13] . Since the early works by Kahn [12] , [13] , a common metric used in papers assessing the reliability of hybrid power systems is the loss of load probability (LOLP), which can be defined as the probability for a system of being unable to meet the load demand in a given time. Indirectly, this metric accounts for one of the main concerns about renewables and their complementarity: the power output fluctuation. An expression for calculating LOLP in terms of percentage is given by:
where is the energy deficit and is the energy demand for time intervals from t = 1 to t = T. This metric was used by Schmidt et al. (2016) [70] as a constraint in the optimization model. The LOLP parameter was also employed in the paper by [37] in their analysis on how complementarity affects the power system reliability.
By using several descriptive statistics and other techniques like correlation and linear regression, Shaner et al. (2018) [33] analyzed how the geophysical variability of solar and wind resources affects the system's reliability that can be achieved by different mixes of these two sources. Their findings indicate that energy storage and electricity transmission infrastructure requirements would be a function of the generation mix.
Assessments based on fluctuations
One of the main concerns related to increasing the fraction of variable renewables in large scale power grids is the disturbance caused by significant oscillations of these sources in time. Based on this, some authors have evaluated the potential of spatial and temporal energetic complementarity for limiting or avoiding these fluctuations. The paper by Gburčik et al. (2006) [71] used the Serbian territory for assessing how complementary regimes of solar and wind energy could be used for reducing these output fluctuations in national grids. The ramp rate is a common metric in power generation that expresses how quickly the power output changes over time, and is usually expressed in MW/min. This parameter is established to keep an adequate balance between power supply and demand, preventing undesirable effects in the power system and grid due to these rapid fluctuations in loading or discharge, and their impact on the system's reserve [72] . The ramp rate offers a simple metric for analyzing power transients [73] , and because of this, some authors have included ramp rates assessments in their energetic complementarity studies. Some examples can be found in [23] , [72] and [73] .
The smoothing effect refers to the reduced variability if several locations of power generation are aggregated. It is a common terminology in investigations on variability and commonly studied in a variety of papers. Liu et al. [24] assessed this feature by investigating the duration curves of the single sites and the duration curve of their sum. They found a considerably smaller spread of values, particularly for wind. Hoicka and Rowlands [74] quantified smoothing of the joint generation from wind and solar resources compared to single sources in Ontario, Canada and found that instances of high and low production are less frequent when the complementary behavior is considered.
Krutova et al. [75] evaluated the smoothing effect of Wind-PV mixes in an optimization model, using as case study the entire Afro-Eurasia region. They found a significant balancing potential on these continent-wide scales. Jurasz and Ciapala [76] observed that is possible to smooth the energy demand curve by means of complementarity, as in their paper they evaluate a hybrid PV-run-off-river system. Spatial and temporal wind and solar power characteristics are analyzed by Tarroja et al. [73] , [77] . Their findings indicate that size and spatial distribution of these power plants significantly reduces the magnitudes of hourly power fluctuations.
In the paper by Berger et al. [78] , they are able to show that low wind power production events can be counterbalanced on a regional scale by taking advantage of the different wind patterns across the region (western Europe and southern Greenland in their case study). Their findings evidenced that wind power production on different continents might decrease the number of low wind power production events, making a case for evaluating the potential benefits of intercontinental electrical interconnections.
Complementarity and optimization models
One of the main research topics related to hybrid power systems based on renewables is finding the optimal mix and operation of these resources (in terms of minimizing capital and/or operational cost, reducing energy storage requirements, etc.). Because of the abundant literature on the subject, an extensive review related to optimal mix of renewables in hybrid power systems falls out of the scope of this paper. Nevertheless, some works that include the explicit or implicit assessment of energetic complementarity in their optimization models are worth mentioning. [82] examined the storage requirements and maximum possible penetration from intermittent renewables into the electricity grid for the state of California, USA. In a follow-up paper [83] , the same authors extended the model, aiming to optimize penetration, minimize energy storage and backup capacity requirements, as well as analyzing dispatch strategies. [84] proposed a model for analyzing hydro-wind complementarity through portfolio optimization and optimal energy allocation strategy, this is, maximizing profit and minimizing risk exposures. Schmidt et al. (2016) [70] assessed how much greenhouse gas emissions could be reduced by optimizing the daily dispatch of renewables in Brazil, along with the loss of load probability. [39] presented a paper estimating the optimal mix of renewables for 12 European regions, including run-of-the-river energy in their considerations. The same authors [40] proposed a model for analyzing solar and run-of-the-river complementarity across different temporal scales using as one of the indicators the theoretical storage requirements for balancing generation and load.
Ramos et al. (2013)
The paper by Kies et al. (2016) [85] identified the optimal share of wave power in a 100% renewable power system on the Iberian Peninsula, with this optimal share defined by minimizing backup energy requirements. [86] estimated the effect of the hydrological prediction methods on the assessment of the optimal share of solar power and run-of-the-river hydro at different time scales. Ming et al. (2017) [87] proposed a model for the optimal dimensioning of a utility-scale PV plant, considering its joint operation with a hydropower plant and downstream water level. Chattopadhyay et al. (2017) [88] presented a model for determining the backup power and energy storage requirements for a fully renewable European power system, emphasizing on the effect of the PV module configuration. A similar approach of adjusting the PV module configuration for improving complementarity was also used by [41] .
The model of Jurasz & Ciapała (2017) [76] was designed to maximize the volume of energy from PV and hydropower used for serving the load, subject to the constraints that both energy deficits and energy surpluses would not exceed 5% of the energy demand. The model proposed by [89] aimed to make the most of the complementary behavior of the available VRES, with the objective function of minimizing the excess of wind and solar power, as well as improving energy storage in hydropower reservoirs. Aza-Gnandji et al. (2018) [45] used Particle Swarm Optimization (PSO) for obtaining the optimal geographical coordinates that would minimize the correlation (thus maximizing complementarity) between wind and solar energy in Benin Republic.
More recently, da Luz & Moura (2019) [90] created a model for optimizing the mix between solar, wind, hydro and biomass power, from a complementarity perspective, in order to supply Brazil's monthly and hourly load demand based on projections for the year 2050. Naeem et al. (2019) [46] used the Pearson correlation coefficient for assessing solar-wind complementarity in an optimization model whose objective function aims at maximizing economic benefits of a microgrid, by means of exploiting such spatial and temporal energetic complementarity. Some other models dealing with optimization based on complementarity can be found in [42] , [44] , [68] , [75] , [91] , [92] , [93] and [94] .
Other relevant metrics
As seen along this section of the paper, complementarity assessments have been conducted through different approaches. There are some that are not possible to categorize in the previous subsections, but worth mentioning in this document. [95] created a method for the statistical modelling of spatio-temporal variations of global irradiation on a horizontal plane, using covariance as the main metric for assessing the impact of time lag and distance on irradiation complementarity in two sites.
Glasbey et al. (2001)
The Power Spectral Density (PSD), which is a measure of power content versus frequency, has been used by [22] , [27] , [73] and [77] for characterizing the observed variability of wind and solar power plants as function of different time scales and locations.
Risso & Beluco (2017) [64] proposed a method for performing a graphical representation of temporal complementarity of resources at different locations, by means of a chart of complementarity as a function of distance, using a hexagonal cell network for dividing the case study region. In a follow-up paper [65] , the method was extended, with the graphical representation now portrayed as complementary roses, with the length of the petals denoting the distance to another cell and their color the magnitude of energetic complementarity between these cells.
Spatial and temporal complementarity (synergy) of wind and solar resources in Australia was assessed by Prasad et al. (2017) [96] . The Relative Coefficient of Variation was the main metric employed for evaluating the variability of these renewables, and besides this, the method mostly consisted in measuring the occurrence of solar and wind resource above a minimum threshold. Results were presented as a set of maps.
The concept of critical time windows, which represent periods within the time series with low average capacity factors, are proposed by Berger et al. (2018) [78] for the systematic assessment of energetic complementarity over both space and time. These critical time windows provide an accurate description of extreme events within the time series, while retaining chronological information. These authors also propose a criticality indicator that quantifies the fraction of time windows during which generation from variable renewables is below a certain threshold, allowing a comprehensive evaluation of energetic complementarity in the different locations over arbitrary time scales.
The local synergy coefficient was a metric employed by [72] for representing the mutual complementarity between VRES at one site, based on the normalized capacity factors of the sources.
The stability coefficient Cstab was a metric developed by Sterl et al. (2018) [97] . It can be defined as a measure that quantifies the added value of one VRES to balance the daily power output from another VRES. In their paper, these authors assess the capacity of wind power for balancing PV power in West Africa, based on diurnal timescales of the capacity factors of a hybrid power system with equal installed capacity of PV and wind power.
Assessing complementarity between more than two sources
From the previous paragraphs, it can be observed that complementarity is usually measured between two VRES. However, there are authors that have extended the existing methods in literature, in order to allow the assessments of energetic complementarity between more than two sources. Borba and Brito [63] , extending on the method presented in [57] , proposed a dimensionless index for calculating temporal complementarity between two or more energy resources. In their paper, the complementarity index is calculated as the ratio between the actual generation discarding excess power, and the average generation.
The complementarity between wind, solar and hydropower generation is evaluated by Han et al. [48] by means of comparing fluctuations and ramp ratios between individual and combined power generation. The method was tested using a region in China as case study, and their findings suggest that complementarity can be improved by adjusting the proportion of solar and wind power.
Tabular summary of relevant papers on the concept of complementarity
This section presents table, which summarizes the most relevant information regarding energetic complementarity according to the consulted literature. 
What is the potential application of the complementarity concept?
The concept of renewable sources complementarity is often used indirectly or without a direct reference to it. Based on the conducted literature review the following applications can be distinguished:  Hybrid energy sources like solar-wind, solar-hydro which increase the overall system reliability and can reduce the cost of electricity. The underlying principle of hybrid energy sources (utilizing non-dispatchable renewables) is the complementary nature of their energy generation patterns. This phenomenon although crucial is often not explicitly mentioned. As indicated in [37] the varying degree of complementarity can lead to different levels of hybrid system reliability.  Use of the availability of one source over the course of certain period to reduce the exploitation of another one which is used for different purposes. For example, in hydropower dominated power systems, the reservoirs are often used for energy generation and irrigation purposes (foodenergy nexus). In such cases the hydropower generation can be reduced during dry periods by utilizing photovoltaics or wind power (if beneficiary complementary nature of those sources is observed). Another example is the joint operation and scheduling of hydropower-solar/wind stations with biomass facilities. It is a known problem that dry years result in a lower crops harvest which in consequence may cause problems on the supply side of the power stations using biomass. In such situations it may be beneficiary to substitute some hydropower generation by wind/solar and use the water when required for irrigation purposes. The energy will still be generated by the hydropower station although not in such a flexible manner as it used to be.  Finding the optimal energy sources mix for given power system (tradeoff between curtailment, storage, and cost of energy from different sources -for example even if electricity from PV is more expensive than wind it still might be cheaper to deploy them and use directly during the daylight instead of oversizing wind generation and accompanying electricity storage. Also, the spatial distribution (spatial complementarity) can be considered where wind parks are scattered over larger areas a selection of sites resulting in lower capacity factor may be compensated by lower demand on backup capacity due to the spatial smoothing effect.  The concept of complementary renewable resources can be used in the energy management strategy for the hybrid systems operating on the electricity markets. For example, solar/windhydro stations (with reservoir) can effectively operate on the day-ahead market where bids are required in advance. Bidding the generation of non-dispatchable generators (wind/solar) is purely based on the forecasted generation and is prone to the forecasting errors. A joint operation with complementary hydro station may be feasible option to compensate for the forecasting errors of solar/wind generation.  As indicated by Kougias [41] and Jurasz & Ciapala [76] , the power output from variable generators can be smoothed by their joint operation. For example, an appropriate energy management strategy (for solar-hydro) can smooth the generation patterns and improve the performance of a power system from the perspective of power fluctuations, when compared to generation from only a PV system.
Conclusions
From the extensive literature review conducted on papers assessing energetic complementarity between renewable sources, the following conclusions and potential research directions can be formulated:
 There are many geographical areas for which VRES energetic complementarity has not been evaluated yet (mostly parts of Africa and Asia);
 Some of the existing complementarity metrics can be extended to consider other aspects related to VRES like the relation between capacity factor and levelized cost of energy, since better complementarity not always equals lower overall cost of the system.  Future studies should extend the complementarity assessments for allowing the user to understand not only on the statistical relationship (complementarity) between the energy sources, but also to obtain additional information related to the practical application of those metrics;  Complementarity metrics have been included in several optimization models in order to find the best design and/or operation schedule of hybrid power systems. However, the extent of potential applications can be extended to hydrological models (involving water-energy-food nexus) or power system planning;  Complementarity metrics should be compared based on the same data sample and their performance should be assessed based on the same criterion to clearly formulate their strong and weak sides;  Since a majority of complementarity studies focusses on wind/solar/hydro combination, the future research should include some additional renewable sources like wave or tidal energy that have gained recent attraction;  The research on complementarity should not be based only on the historical datasets, but also consider future climate models and the impact of these changes in renewables complementarity.
